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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-11T7

OPTIMUM DESIGN OF INSULATED TENSION MEMBERS
SUBJECTED TO AERODYNAMIC HEATING™

By John R. Davidson
SUMMARY

A general method for determining the weight efficiency of insulated
heat-sink structures is developed by which the lightest total structural
weight may be found for any selected insulating and load-carrying mate-
rials. In order to simplify the analysis, a constant temperature was
assumed at the outside surface of the insulation. It is shown that an
optimum structural weight exists for every combination of load, insu-
lating material, structural material, and flight time. A load parameter
has been found through which it is possible to compute efficiency curves
for the load-carrying materials without specifying the insulation and
flight time. Charts are presented for the optimum temperatures and opti-
mum total structural weights for beryllium, HK31A magnesium, 2024-Th alum-
inum, MST 185 titanium, 17-TPH stainless steel, and Inconel X based on
an initial temperature of 75° F.

The results show that beryllium is an excellent insulated heat-sink
structural material because of its light weight and high thermal capac-
ity. If beryllium is excepted, titanium is most efficient for short
flight times and high loads; as the flight time increases and the load
decreases, stainless steel and Inconel X become the most efficient mate-
rials. The results also show that, in certain ranges, the uninsulated
structure is more efficient. In general, insulated heat-sink structures
are most efficient where the load is high and the flight time is short.

INTRODUCTION

The high temperatures encountered in high-speed flight can reduce
the strength of unprotected structural materials. For very high tempera-
tures the required increase in the size of unprotected members to maintain

*The information presented herein was offered as part of a thesis
in partial fulfillment of the requirements for the degree of Master of
Science in Applied Mechanics, Virginia Polytechnic Institute, Blacksburg,
Va., August 1958.



sufficient strength may be impractical, and it will become necessary to
devise some means to insulate or cool the structure. The type of pro-
tection chosen will depend upon the aircraft, the thermal environment,
and the load to be carried. No one type of design will be universally
applicable, because some will be more efficient than others for specific
flight conditions.

This paper will consider the insulated heat-sink type of structure
where insulation between the airstream and the structure retards the
flow of heat and delays the temperature rise of the metal. As a meas-
ure of efficiency, the criterion considered herein will be the total
weight of the structure, which is the combined weight of the insulation
and the metal.

oo

By varying the thickness of the insulation layer, the temperature
of the load-carrying structure can be maintained below any desired value.
Because the weight of the insulation contributes to the overall design
weight, it is inefficient from the weight standpoint to try to maintain
excessively low temperatures by using large amounts of insulation. Thus,
for any particular application, it is desirable to choose the thickness
of the insulation and, consequently, the maximum temperature of the
structure, in such a way that the combined weight of insulation and
structure is a minimum.

The purpose of this study is to determine the basic parameters for
evaluating the efficiency of insulated heat-sink structures and to deter-

mine the parameters that affect the design of the optimum structure for
a simple aerodynamic-heating case.

SYMBOLS

b width, ft

c heat capacity, Btu/l1b-°F

G radiation geometry factor

h heat-transfer coefficient, Btu/sq ft-sec-°F

k thermal conductivity, Btu/ft-sec-°F

P total load, 1lb

q thermal flux density, Btu/sq ft-sec .

T temperature, °R or OF
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thickness, ft
weight per square foot, 1b/sq ft

intercept of stress-temperature curve at T = O

slope of stress-temperature curve when plotted semi-
logarithmically

weight density, 1lb/cu ft
stress, 1lb/sq ft; or Stefan-Boltzmann constant

yie¥d stress at O.2-percent offset, lb/sq ft

time, sec

2
P 1 o
load parameter, (3) ot sq ft-1b-"F/Btu

exponent to base e = 2.718

Subscripts:

a

aw

€q

opt

surroundings
adiabatic wall
equilibrium
initial conditions

refers to insulation properties or initial (left) section of
stress-temperature curve

refers to primary structure properties or second (right) sec-
tion of stress-temperature curve

indicial notation
maximum metal temperature T2 of an optimum structure
radiated

conducted

Primed symbols indicate iterated values.



PROCEDURE

Figure 1 shows the configuration which will be analyzed. Several
assumptions are made to simplify the analysis:

(1) The heating is uniform over the entire surface of the member;
that is, the heat flow is one dimensional

(2) The metal structure carries the entire load

(3) The temperature gradient through the metal structure is so
small that it can be neglected

(4) The thermal capacity of the insulation layer is so much smaller
than the thermal capacity of the structure that its effect can be
neglected. (Appendix A gives a method for improving this approximation
for larger thicknesses of insulation.)

(5) At the start of flight the outside surface of the insulation
is suddenly raised from the initial temperature of T, to a constant

temperature Teq

(6) The heat capacity and thermal conductivity are constant.

The thermal environment will determine the temperature at the outside
of the insulation. This temperature will closely approach the recovery
temperature of the airstream (sometimes called the adiabatic wall tem-
ature) when losses due to radiation are neglected. When radiation is
considered, this temperature will be somewhat lower. In appendix B an
approximate method for determining this temperature is given. Refer-
ence 1 contains an exact solution to the insulated-slab temperature
distribution problem and discusses the effects of some of these assump-
tions on the temperature rise of the load-carrying structure.

The weight per square foot of the protected structure including
the insulation is

W= Pty + pot, (1)

All members considered for a given application have the same length
and width and are required to carry the same tensile load under the same
environmental conditions. Of the many possible choices of t; and t,

and available structural material, a combination which results in the
lightest structure is to be found.
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The load which is supported by the member is

P = Ubt2

The largest load which can be carried for a given thickness is

P = o,bty (2)

where the yield stress at 0.2 percent (strainwise) offset at 1/2 hour
exposure to temperature has been assumed as the maximum allowable
stress. The thickness required to support this load is

.
tp = 3,5 (3)

It should be noted that cy is a function of the material, tempera-

ture, time of exposure to temperature, and strain rate. Since short
times of exposure are considered herein, the exposure time was taken as
1/2 hour where data were available at conventional strain rates between
0.002 and 0.005 inch per inch per minute. (See refs. 2 to 7.) With
these considerations, the yield stress is primarily dependent upon tem-
perature, as shown in figure 2. The solid lines through the experimental
points show that this dependence may be expressed empirically by the
sectional representation

loge Oy = loge @y - B4T (i =1,2) (ka)

or, in an alternate form
-B.T
Oy = ay€ i (l#b)
where ay 1s the intercept at the ordinate when T = O, and B3 1is
the slope of the curve for Uy plotted against T. The indicial nota-
tion is used to denote the respective sections of the curve; the sub-

script 1 refers to the lower temperature portion, and the subscript 2
refers to the higher temperature portion.

Substitution of equation (Lb) into equation (3) gives the load-
carrying structure thickness as a function of temperature

_ P
tp = TR T, (5)
baje

where To 1is the temperature of the load-carrying material.



The temperature of the structure is dependent upon the thickness
of the insulation, the thickness of the structure, and the temperature
at the outside surface of the insulation. Since the thermal capacity
of the insulation is neglected, all the heat entering the outside sur-
face of the insulation must go through to the structure. The heat
entering is proportional to the difference in the temperature of the
outside insulation surface and the primary structure. This relationship
is expressed by the following differential equation:

ky dTo
;l‘(Teq - Tp) = coppty == (6)

It Teq is considered independent of time, the solution of this

Togq - T KT
Tl e z
eq = 10 copptoty

equation is

which may be solved for the thickness to yield
ki1
t] = 1 (8)

Toq - T

q 0]

CoPpty 108 m—im
eq - -2

By using equations (5) and (8) the material thicknesses may be
eliminated from equation (1).

- -B:T ) T _-T
base i*e 2 Pc2 ]_Qge _Eq-____g
Teq - Tp

The weight 1s expressed in terms of the metal temperature because,
once this temperature is known, the yield stress, and thus t,, are

fixed (by eq. (3)). The insulation thickness can then be determined
from equation (8). The value of T2 that makes W a minimum may be

determined by setting the partial derivative of W with respect to T,

equal to zero. The result, after some algebraic manipulation and the
use of equation (7), is

=\ e



H\u\Wo e

o 2 1 2
(DZ) eq - TO\l1 ¥ - Teq - T;] ) (%) klilT =4
2 198 5, )L B1(Teq - To)loge mJ

(10)

The left-hand side of equation (10) contains the equilibrium tempera-
ture Teq’ optimum temperature T, and structural material properties.

On the other side is the load, flight time, and insulation properties.
This convenient separation of insulation and metal properties permits the
computation of the load parameter § as a function of the equilibrium
and initial temperatures, for any metal, regardless of the insulation
which may be chosen. Figure 3 shows the results of such a computation
for beryllium, magnesium, aluminum, titanium, stainless steel, and
Inconel X. The weight densities and thermal capacities of the metals
used for these computations are given in table I. The dashed line, which
will be discussed later, shows the values of  for various equilibrium
temperatures below which it is more efficient not to insulate. In order
to use the charts, the optimum temperature is found by first computing

2

Q = 2) —L _ for a specified load, insulation, and flight time, and
b klplT

then entering the chart for the primary structure material with this

value and Teq to find the optimum value of T2. It should be noted

that the discontinuity in the slope of the empirical sectional repre-
sentation of the curve of log, oy plotted against temperature leads

to a discontinuity in the optimum temperature curves. If test data are
used, there is actually no discontinuity. A few computations using the
test points were made to determine the shape of the optimum temperature
curve in this vicinity; the remainder of the curves were faired in by
making use of the properties of carpet plots.

Once the optimum temperature has been found, the metal thickness,
insulation thickness, and total weight per square foot may be found from
equation (3) and figure 2, equation (8b), and equation (1), respectively.
For computational convenience these equations can be combined to give

O\ 2
wo _ P2y 4 (& 1 (11)
P Oy Po Teq - To
Qicn logg T
eq -~ To

where T, 1is the optimum temperature found from figure (3) and Wb/P

is the ratio of the total weight per square foot to the load per unit
width. Values of Wb/P for beryllium, magnesium, aluminum, titanium,



stainless steel, and Inconel X are plotted in figure 4 against equilib-
rium temperature and loading parameter. Again, the dashed line repre-
sents the uninsulated structure. This line can be computed from equa-
tion (1) with t; = O or from equation (11) with T, = Teqs the
resulting equation 1is

Wb P2 o)
_— = == 1

Figure 4 shows that the total weight per unit load increases as
decreases, until, when the load becomes small enough (a small load means
small thermal capacity), it becomes more efficient not to insulate and
to use a relatively thick primary structure at the equilibrium tempera-
ture instead of a cooler, thinner, primary structure covered with a very
thick blanket of insulation.

For purposes of comparison, the relative efficiencies of the unin-
sulated materials are shown in figure 5. This figure indicates that,
for uninsulated structures of the materials considered herein with
equilibrium temperatures less than 400° F, MST 185 titanium is the most
efficient; for 400° F < Teq < 1,130C F, beryllium becomes most effi-

cient; and above 1,130° F, Inconel X is most efficient.

Figure 6 was drawn to illustrate the dependence of optimum tempera-
ture upon the load for a given choice of insulation, metal, flight time,
and equilibrium temperature. Figure 6 was sketched from equation (9).
This figure shows that there can be two points of zero slope, one a
minimum weight and one a maximum weight. As the load decreases, the
optimum temperature increases until, as is shown by the curve for
(P/b)B’ there is a sudden Jjump to an end-point minimum where the lightest

structure is designed to withstand the equilibrium temperature. For all
loads less than (P/b)3 (for a given insulation, metal, flight time, and

equilibrium temperature), the uninsulated structure will be more effi-
cient. The point of zero slope that is a maximum moves closer to Teq

as the load increases and usually is within 50 F of Teq. The point of

minimum slope moves toward T, as P/b increases; the minimum can

occur anywhere between Ty and a few degrees below Teq'

A comparison of the weight charts of figure 4 shows that beryllium
would be the most efficient insulated structural material except for a
small region where Tgq < 1,675° F and Q <L x 107 where uninsulated
Inconel X would be better. However, at present beryllium is not in wide
use. If beryllium is excluded, the relative efficiencies of the remaining

AU
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materials are shown in figure 7. The figure was constructed by super-
posing the weight charts for the individual materials and noting where

the lines of like Teq crossed. This graphical technique, which used

faired curves through computed points, led to an erratic boundary between

titanium and stainless steel where (because there was little difference
in the efficiency of these two materials in this region) the lines of
constant adiabatic wall temperature were nearly parallel. Therefore,
since the location of this boundary is not critical, a line of

¢ = Constant was chosen as the boundary.

If equations (3) and (8) are substituted into equation (10), the
following equation results

_=__=1+ l

Teq - TO
B1(Teq - T2)loge S

where W; and W, are the weights of the insulation layer and metal

layer, respectively. It can be seen from this equation that the metal
layer always weighs more than the insulation layer in an optimum struc-
ture for the constant-equilibrium-temperature case.

PRESENTATION OF RESULTS

Two example problems will be used to illustrate the method of
design and to show typical results.

Example Problem I
The design conditions are:

P/b = 3 x 10 1b/ft

T = 60 sec
Teq = 1,200° F
Tg = 75° F

For this first problem, an efficient insulation, such as a low density
asbestos will be considered. (However, it should be noted that such a
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material by itself has low strength and may need protection from the
scrubbing action of a high-velocity airstream.) For the insulation,

k) = 2 X 10-6 Btu/ft-sec-°F
py = 20 1b/cu ft
cp = 0.24 Btu/1b-°F

The load parameter § 1is computed from equation (10) to be

2
q - <P)2 1 (3 x 104) _ 3.75 x 1011

b/ k1017 (2 x 10-6)(20)(60)

Figure 7 is entered with Teq = 1,200o F and this value of Q. It

is found that insulated titanium is the most efficient structural mate-
rial, and that

Wb _ 2,00 x 1072
P
or
W= 2.02 x 10’5(§> = 2.02 x 1072 x 3 x 10* = 0.606 1b/sq ft
From figure 4(d), the optimum temperature is

(Tg)Opt = 420° F

From equation (3) and figure 2

I
tp = b= 3%X10 __1.695x 107 £t = 0.0203 in.
boy 1,77 x 107

The thickness of the insulation is found from equation (8)

Ky (2 x 10-)(60)

Teq - To  (0.118)(295)(1.695 x 10'5)1%62—8%—:—%)

cAPsts 1o
2Potp 08¢ Teq - T2

5.66 x 10”2 ft = 0.0680 in.

[
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Improved accuracy may be obtained through an iteration procedure
which takes into account the insulating effect of the thermal capacity
of the insulation. (See appendix A.) First compute

c1P1ty _ (0.2)(20)(5.66 x 1073)

L = 0.4605
2P2%2  (0.118)(295)(1.695 x 1072)
By definition (from eq. (A3))
‘ 1 _ -6 ( 1 )_ -6
kn =k = {2 x 10 — )= 1.62 10
2\capot?

The thermal capacity of the insulation has an effect similar to reducing
the insulation conductivity by about 23 percent.

Repeating the computations and using primed symbols to indicate
iterated values yields

= 4.615 x 101t

Q' = (B)g 1 (5 x 104)°
) ky'pym (1.625 x 1070)(20)(60)

E%E = 1.94 x 107D

w'o= (3 x 109)(1.94 x 1075) = 0.582 1b/sq £t

(12) = 99° T

N
t|=3XlO

- 1.648 x 10~2 £t = 0.0198 in.
1.82 x 107

v (1.625 x 10°)(60)

=
_3 1200 -~ 75
(0.118)(295) (1.648 x 107) 108, 1200 - 390

5.175 x 102 £t = 0.0621 in.
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A second iteration yields

From this value

W"b N _5
= = 1.96 x 10

W" = 0.588 1b/sq ft

The iteration procedure results in a design that is about 4 percent
lighter than the design where the thermal capacity of the insulation was
neglected. Frequently, the thermal conductivity of the insulation is
not known within 20 percent. Inaccuracies may be introduced through
other thermal constants or through boundary values such as Teq' These

practical considerations show that in many cases the improved accuracy
gained by iteration is unnecessary.
Example Problem II
The loading and flight conditions will remain the same as in prob-
lem I. However, for problem II an insulation with characteristics simi-
lar to a fiber glass laminate will be chosen. Typical values for such

an insulation are

k; = 6 x 1072 Btu/ft-sec-OF
py = 110 1b/cu ft
c; = 0.24 Btu/1b-°F

From equation (10)

2 e
Q = (E) I . (5 x 10%) = 2.272 x 107
b/ kp1T (6 x 1072)(110)(60)

G A I
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From figure 7 it is found that uninsulated Inconel X is the most
efficient material and that

B}
=
W
(o)
X
'—J
<

N

Wb
P
at the intersection of the Te

g = 1,200° F curve and the dashed line
denoting uninsulated Inconel X.

W= (3 x 100)(4.36 x 102) = 1.308 1b/sq £t

and, at (TQ)OPt = 1,200° F,

m
tp = £ = 22X = 1,76k x 1070 £t = 0.0212 in.
y 1.7 x 100

DISCUSSION

The result of problem I indicates the use of MST 185 titanium alloy
with low-density asbestos insulation is the best solution; the result
of problem II indicates the use of uninsulated Inconel X with a resulting
structure of twice the weight of that of problem I to be the best solu-
tion. Both problems were based on the same load and flight conditions.
The apparent disparity of results is caused by considering insulations
with such widely varying values of k;pq. If an efficient insulation 1s
avallable and if it will withstand the aerodynamic forces and tempera-
tures, it will pay to use it. However, if the only suitable insulation
has a high value of klpl, it will not be efficient to use it unless the

equilibrium temperatures are very high or unless the loads are high and
the flight times short. Figure 7 illustrates that eftficient insulated
structures are those with high values of Q, which reflect efficient
insulations, short heating periods, and large thermal capacity available
in the metal thickness.

The computed curves for weight and optimum temperature are based
on an initial temperature of 750 F. Curves can be computed for other
values of initial temperature.

The method should be applicable to cases where the temperature of
the insulation outside surface is monotonically increasing by using some
other equation to express the thickness of the structure in terms of the
temperature. However, it may not be possible in all cases to separate
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the insulation properties from the structural material properties, as
was done herein through the load parameter Q. In instances where the
front surface temperature decreases after a period of rise, some care
must be exercised. If the flight time is sufficiently long, there may
be a period of cooling and the maximum structure temperature (upon which
the allowable stress is based) might occur before the end of the flight.

CONCLUDING REMARKS

The results show that there is an optimum combination of insulation
and load-carrying material thickness for which the combined weight of
the insulating and structural materials is a minimum for a specified
load, insulation, flight time, and constant temperature at the outside
surface of the insulation. For a constant temperature at the insulation
surface, it is possible to cbtain a set of weight curves for optimum
configurations for any specified structural material through the use
of a load parameter which includes the load, insulation density and con-
ductivity, and flight period.

For long flight times and low equilibrium temperatures (velow
1,400° F) uninsulated structures may be more efficient than insulated
structures. Insulated heat-sink structures are efficient when efficient
insulating materials can be used, and when the load is large and the
flight time is short.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., July 28, 1959.

oo



(G RS I

15

APPENDIX A
SECOND APPROXIMATION TO THE TEMPERATURE EQUATION

An exact analysis of a heavily insulated thick plate is given in
reference 1. This reference discusses two approximations to the exact
solution. The first approximation, which neglects the thermal capacity
of the insulation, was used in reference 1 and in this paper to express
the structure thickness in terms of temperature. The derivation of the
second approximation, which admits an effect due to the insulation ther-
mal capacity, is given here.

The assumptions are as follows:

(1) The temperature at the outside surface of the insulation is
raised immediately from Ty to Teq at 7 = 0.

(2) There is no temperature gradient through the thickness of the
structural material

(3) There is a linear temperature gradient through the thickness of
the insulation.

The first two assumptions are the same as were made in the body of
this paper for the first approximation. The third assumption is exactly
true only in the steady-state case where the metal temperature is con-
stant and after a time which is so long that initial transients have
died out. It can be shown that the initial transients die out within
a very short period. Therefore, this approximation is good if the metal
temperature rises slowly.

The effective temperature of the insulation for the purposcs of

2
This expression leads to the following differential heat balance equation:

expressing stored heat is l(Teq + TE) as a result of assumption (3).

ky dTo

1
q = tl(Teq - Tp) = (5 c1P1ty * °2°2t2>;1‘;‘ (A1)
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The solution to equation (Al) is

T—__ T = €eXp P T
eqa = 70 copatoty (1 2 ZEELL

(A2)

Equation (A2) differs from equation (7) by an additional term of

in the right-hand exponential expression. Although equation (A2) is a
better approximation to the exact solution than equation (7), it cannot
be solved explicitly for the insulation thickness t, thus, the diffi-

culty of mathematical manipulation is increased.

An iteration procedure will circumvent this difficulty and improve
the accuracy of the analysis based on the first approximation. The
additional thermal capacity retards the temperature rise of the metal

in a manner similar to a decrease in the insulation thermal conductivity.

Determine approximately the thicknesses t and t, according to the

analysis using the first approximation for the temperature T, and then
define

1
cipqt
141 8amh
2 copptn

k' o=k (43)

The new thermal conductivity kl' is used to compute a new value of Q;
this value, in turn, is used to determine new values for t; and t,.

The procedure is repeated until the difference between succeeding values
of optimum weight are negligible. Usually about three iterations are
sufficient.

A comparison of the second approximation with the exact solution
to the temperature problem as presented in reference 1 shows that, if

¢t .
copotp
l/lO(Teq - TO) which is caused by the lag in temperature rise at the

1, the error at the beginning of the heating period is about

insulation outside surface. The approximate solution gives a higher

=\
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temperature rise than the exact solution. As the heating period pro-
gresses, the approximate solution reaches the exact solution at a time
when Tp = Toq - 0.37(Teq = Tp)- When Tp = Toq - 0.1(Tgq - Tpg), the
approximate solution is 0‘015(Teq_' TO) lower than the exact solution.

c t
When SR L 1 the second approximation and the exact solution

Cepete lO’
agree within 0.005(Teq - To) for times where Tp S Toq - 0.05(Teq - To)-
T . . . c1pP1t]
he approximation improves as e approaches O.
Cab2t2

These comparisons with the exact solution were done for an aero-
dynamic-heating case without radiation where the aerodynamic heat-transfer
coefficient contributed no significant retardation to the flow of heat,

k
that is, where E%— << 1 where h is the aerodynamic heat-transfer
1

coefficient.
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APPENDIX B
DETERMINATION OF THE EQUILIBRIUM TEMPERATURE

The boundary layer of air at the insulation surface retards the
conduction of heat into the surface. If, at the same time, the surface
radiates heat to its surroundings, the insulating effect of the boundary
layer may make possible surface temperatures greatly below the recovery
temperature of the airstream. The heat-balance equation at the surface
is

4= qr + Q. (BL)

where q 1is the heat flux conducted through the boundary layer, q, 1is
the heat radiated to the surroundings, and gq, 1is the heat conducted
into the insulation and to the structure. This equation may be written as

B(Taw - 1) = 06(T1% - T M) + q
~ i i Ky
oo(Ty* - T, )+ t—l-(‘I'l - ) (B2)

where o 1s the Stefan-Boltzmann constant, G incorporates the radia-
tion geometry and emissivities, h 1is the conductivity of the boundary

layer, T,, 1is the effective recovery temperature of the airstream, and

Ty 1is the temperature of the outside surface of the insulation. (A1l
temperatures are absolute.) For an aircraft radiating to space,

Tau < Tlu and may be neglected. The heat flux into an insulated
plate is small, and for values of Ty P 2,000° R, g << chTl4 and

may be neglected.
Then
B(Tgy - T1) = oGT
or

Toyr = Tl<l + B TP) (83)

The temperature T; 1s at the outside surface of the insulation,
and therefore

T} = Teq

[ G
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and equation (B3) becomes

Taw = Teq<l +

oG

h

Te

)
q

19

(B4)

after a short initial transient period caused by the thermal capacity

of the insulation.
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[All values were considered as constants during computation of curves]

I e e
Beryllium 115.8 0.53
HK31A magnesium 112 247
2024 -T4 aluminum 175 .23
MST 185 titanium 295 .118
17-7 PH stainless steel L84 .13
Inconel X 519 12
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Symbol Material Reference

O  beryllium 2
O  magnesiumHK3IA-H24 3
O aluminum,2024-T4 4
N A titonium,MST 185 5
N 6
D 7

stainless steel,|7-7PH

Inconel X

]
|

—

L-551
o
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0 200 40 800 1000 1200 1400 1600 1800 2000
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- Figure 2.- Yield stress at O.2-percent offset plotted against tempera-

ture. The curves express the analytic approximation to the experi-
mental data.
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(a) Beryllium.

Figure L4.- Weight of optimum tension members plotted against Teq and
0. The charts are based on an 1lnitial temperature of 75° F.
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(b) HK31A magnesium alloy.

Figure 4.- Continued.
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(e¢) 2024-Th aluminum alloy.

Figure 4.- Continued.
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(d) MST 185 titanium alloy.

Figure 4.- Continued.
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(e) 17-7 PH stainless steel.

Figure 4.- Continued.
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Figure 4.- Concluded.
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Figure 5.- Efficiency of uninsulated tension members of various mate-
rials. It is assumed that the uninsulated structure reaches the
equilibrium temperature during the time of flight.
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Figure 6.- Total structural weight plotted against structure tempera-
ture and load. The tick marks indicate the minimum weight point.
The figure is not drawn to scale. (P/b)l > (P/b)2 >. .0 0> (P/b)h.
(T2) is the maximum structure temperature which occurs at the

max
end of flight.
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Figure 7.- Composite chart which shows the welght of optimum structures
which are the most efficient in specific areas of Teq and Q. The

chart is based on an initial temperature of T75° F.
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